H
epatitis C virus (HCV) infects more than 170 million people globally, with another 3 million people newly infected each year (1) . Approximately 20% of patients spontaneously clear the virus after a period of acute viremia, while the majority of patients develop chronic disease (2, 3) . Chronic HCV infection leads to liver failure and liver cancer and is the leading cause of liver transplantations across the world. While no vaccine is yet available for HCV, patients are often treated with a therapy employing pegylated interferon (PEG-IFN) and ribavirin (4) . But the therapy is prolonged, expensive (5) , and genotype dependent (6) , has limited efficacy, and is associated with extensive side effects (7) . There has been much effort aimed at designing better drugs for the treatment of chronic patients, but a cheap and effective drug is yet to be discovered (8) . Thus, there is need for a universal prophylactic HCV vaccine, and efforts toward this goal are under way (9) .
The challenge before the design of an efficacious HCV vaccine is the extreme sequence variability of circulating viral strains due to a high mutation rate (approximately one nucleotide per replication cycle [10] ). This, in combination with the high rate of viral turnover (ϳ10 12 virions per day), results in a highly diverse circulating virus population, enabling the emergence of mutations that can aid viral escape from vaccine-induced immune responses (10) .
The HCV proteome consists of 3,011 amino acids and is divided into three structural proteins (core, E1, and E2) and seven nonstructural (NS) proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). Although neutralizing antibodies to the HCV envelope proteins have been discovered (11, 12) , their role in viral clearance and persistence is not yet clear (9, 13) . On the other hand, some reports indicate the importance of a T cell-based vaccine against HCV due to strong association of broadly directed immune responses involving both CD4 ϩ and CD8 ϩ T cells with viral clearance (13, 14) . However, due to the high variability of HCV, point substitutions in T-cell epitopes can abrogate the associated response by interfering with presentation or recognition mechanisms (15, 16) . This suggests that a vaccine should induce T-cell responses against HCV epitopes that are highly conserved, i.e., epitopes where the frequency of single substitutions is low within circulating viral strains, suggesting that such substitutions might compromise viral fitness. However, the virus might still escape the immune pressure on such epitopes through compensatory substitutions (17) . Thus, as discussed in reference 18, an efficacious vaccine should prime T cells to target groups of coevolving residues wherein simultaneous substitutions have deleterious consequences with a greater likelihood, possibly due to the underlying structural or functional importance of such groups. If such multidimensionally conserved residues are targeted, the virus will either be recognized and subsequently eliminated or be forced to make multiple substitutions to avoid the resulting immune pressure which most likely would result in unfit viruses.
Although the core protein is the most highly conserved part of the viral proteome, experimental studies have shown that patients associated with spontaneous viral clearance (referred to as "HCV controllers" here) predominantly target the NS proteins (19) (20) (21) (22) . "IC41," a therapeutic peptide vaccine being developed by Intercell AG, Austria, consists of five synthetic peptides derived from the core, NS3, and NS4B proteins of HCV genotype 1. These peptides are largely conserved across the highly prevalent HCV genotypes (1a, 1b, and 2). This vaccine, when used in combination with the standard therapy of PEG-IFN and ribavirin, has been shown to induce specific T-cell responses resulting in reduced relapse rates in chronic HCV patients (23) . In this work, we focus on NS3, which is a bifunctional protein associated with serine protease activity and an additional helicase function. It plays an important role in the RNA replication of the virus and is therefore an attractive target for drug and vaccine design (24) (25) (26) (27) (28) .
In an earlier work (29) , one of our groups identified mutational vulnerabilities of HIV using various computational analyses of HIV sequences with potential applications in rational vaccine design. In another study (18) , collectively evolving groups of HIV residues were identified by "cleaning" the mutational correlation matrix, computed from publicly available multiple sequence alignment (MSA) of HIV proteins, using ideas from random matrix theory (RMT). Such an approach was earlier applied in the context of finance (30, 31) to decouple intrinsic correlations in stock price fluctuations of companies from financial time series data, which are corrupted by sampling noise and extrinsic factors such as global recessions, bubbles, etc. By cleaning the correlation matrix using RMT, those studies found that companies grouped into independent "economic sectors" such that within a sector, stock price variations were highly correlated between companies. Within the realm of biology, a similar approach was proposed in reference 32, in which the authors analyzed the amino acid sequences of a serine protease to identify groups of coevolving residues termed "protein sectors."
Despite many experimental studies undertaken to develop a potent HCV vaccine (references 9 and 33 and references therein), there has not been much effort invested in studying the sequences of HCV patients statistically for this purpose. In this paper, we study correlations between substitutions in circulating NS3 genotype 1a sequences available in public databases and identify sectors comprising coevolving residues that can guide the design of a HCV vaccine. We note that coevolution in HCV proteins has been studied previously in different contexts. For example, genomewide association studies were carried out for predicting the outcome of the standard therapy (PEG-IFN and ribavirin) using a classical chi-square test (34) and Bayesian networks (35) and for identifying potential therapeutic targets using tools from network theory (36) . Similarly, other works have also studied coevolving residues within specific proteins (E1, E2, and NS5A) for the purpose of predicting the standard therapy outcome (37) (38) (39) . Here, in contrast, we focus specifically on the NS3 protein and on the application of designing a potential vaccine against HCV using ideas from RMT which enable us to study collective correlations in residues (not just pairs) (18) . The statistical linkage analysis of the substitutions in NS3 reveals three sectors, one of which (sector 1) appears to be multidimensionally conserved and a promising target for vaccine design. The sites in sector 1 appear to have structural significance and also comprise a major portion of the epitopes that are targeted by the T-cell-mediated immune response within HCV controllers.
MATERIALS AND METHODS
Sequence data. A MSA of HCV genotype 1a (prevalent in North America) was downloaded from the open-access Los Alamos National Laboratory database (40) . We chose to focus on sequences corresponding to this particular genotype due to their relative abundance compared to the sequences of other genotypes, thus aiding statistical analyses. The nucleotide sequences were aligned based on the H77 (NC004102) reference sequence (http://www.genome.jp/dbget-bin/www_bget?refseq:NC_004102) and converted to amino acid sequences. A "blank" was assigned to all the ambiguous codons (including the insertions and deletions) and was considered the 21st amino acid.
Constructing the correlation matrix from the MSA. Consider a MSA of a N-residue (site) protein with M sequences. The MSA was first converted into a binary code as follows (18, 32 
where a i s denotes the binary letter at position i in a sequence s. The validity of this binary approximation of the MSA can be established by comparing the values of Shannon entropy per residue between the binary approximation and the case when all the 20 amino acids along with the blank are considered. The details are presented in the Appendix for NS3, and the binary approximation was found to be valid in this case (Fig. 1a) .
A sample correlation matrix C was constructed based on the binary MSA, with the (i,j)th entry, as follows:
where ͗.͘ s denotes the empirical average over all the sequences, f i is the relative frequency of substitution at site i, f ij is the relative frequency of simultaneous substitutions at sites i and j, and V i ϭ f i (1 Ϫ f i ) is the sample variance of substitution at site i.
Cleaning the sample correlation matrix. Our objective is to find sites that coevolve due to intrinsic structural and functional constraints. The sample correlation matrix constructed using the available sequences is corrupted by the common ancestries of sequences (phylogeny) and statistical noise resulting from finite sample sizes (18, 32) . Thus, it was necessary to "clean" the MSA with respect to this phylogenetic effect and statistical noise. The details of this cleaning procedure are discussed in the Appendix. Briefly, we can write the correlation matrix in terms of its eigenvalues as follows:
where k is the k th eigenvalue of C and u k is the corresponding eigenvector. Any real, symmetric matrix can be decomposed in this manner. Correlations arising due to common ancestry (or phylogeny) were discarded by removing the maximum eigenvalue ( max ) and its effect on the data using a linear regression approach (18, 32) . The contribution in C arising from statistical noise is removed by the application of RMT principles. RMT theorems specify the spectral properties of random-correlation matrices when both the number of variables (sites) and the number of observations (sequences) are large and comparable, under the null hypothesis that sites evolve independently. (Note that RMT theorems are also applicable to much more general models [e.g., including correlations] [41, 42] beyond the "pure noise" model.) Here we determined an upper bound on the maximum eigenvalue of the statistical noise max rnd (where superscript rnd stands for random) from the eigenvalue distribution of an ensemble of random matrices obtained by randomly shuffling the columns of the MSA. Thus, only the eigenvalues greater than max rnd represented the intrinsic correlations and all the remaining eigenvalues were removed (18, 32) . Note that the P value associated with observing eigenvalues larger than max rnd was found to be very small (P ϭ 6 ϫ 10 Ϫ4 ), lending a high degree of statistical confidence to our results. There are alternative RMT-based approaches present in the literature (see, for example, references 43 and 44) for cleaning the statistical noise. These approaches are discussed in the Appendix. It was found that the qualitative results remained the same regardless of the approach used.
The complete cleaning procedure can be summarized by rewriting the sample correlation matrix C (in equation 3) to show the separate spectral contributions resulting from phylogeny and statistical noise as follows:
where the first sum and the last term indicate statistical noise and phylogeny, respectively. Based on the above arguments, the cleaned correlation matrix is thus given as follows: 
Definition of sectors.
Once the correlation matrix was cleaned to remove phylogeny and noise, the sectors were formed by studying the loadings (elements) of the eigenvectors corresponding to the eigenvalues in the range max rnd Ͻ k Ͻ max . Let ␣ be the total number of eigenvalues in this range. These eigenvalues were arranged in descending order, i.e., 1 = Ͼ 2 = Ͼ · · · Ͼ ␣ = , with the eigenvectors labeled accordingly. The sectors were formed based on the eigenvectors as follows:
for k ϭ 1, 2, . . ., ␣, where |u k = (n)| is the absolute value of the n th element of u k = , and ε is a small positive constant that serves as a threshold. One may choose ε by examining the distribution of the loadings of the eigenvectors of random matrices. Alternatively, here we chose a small value, ε ϭ 0.005, to include many sites in the sectors initially and later pruned them as discussed below. As these eigenvectors were found to be quite sparse, the sectors formed by selecting even such a small value of ε included at most only 40% of the sites.
The resulting sectors might have overlapping sites. This issue was solved by assigning the overlapping site to the sector with which it had the highest mean absolute correlation coefficient (based on the cleaned correlation matrix) (18) . Within the binary approximation, a pair of sites can be positively correlated or negatively correlated or uncorrelated. A positive correlation implies that the double substitution occurs at a frequency higher than the frequency that would be expected if the sites had mutated independently. Thus, a positive correlation between sites can correspond to "compensatory interactions" between the sites. In contrast, a negative correlation between two sites implies that the frequency of the double substitution is lower than the frequency that would be expected if the single substitutions were independent, suggesting that such a double substitution is likely to be deleterious for viral fitness. The high mutability of viruses like HCV enables the emergence of mutations that can lead to immune escape; thus, one would like to design a vaccine that targets groups of sites where multiple substitutions that are needed to escape the T-cell response are likely to be deleterious for viral fitness. The depletion of multiple simultaneous substitutions in data sets of circulating sequences would result in negative correlations among the participating sites as identified by our analysis. Furthermore, an efficacious vaccine should also avoid targeting sites where multiple simultaneous substitutions are beneficial for viral fitness-such sites would be expected to exhibit positive correlations in sequence data (18) . In order to identify statistically significant positively and negatively correlated pairs of sites, we used the following convention:
where Ĉ ij is the (i,j)th element of Ĉ, and the thresholds ␦ ϩ and ␦ Ϫ were obtained from the ensemble of random-correlation matrices constructed by shuffling the columns of the MSA as described previously. Specifically, these thresholds were chosen such that the correlation coefficients with magnitude larger than ␦ ϩ and smaller than ␦ Ϫ arose with a very low probability, P ϭ 10 Ϫ2 , in the random matrices. The sites in each sector that did not show any correlation larger (smaller) than the positive (negative) threshold ␦ ϩ (␦ Ϫ ) with any of the other sites in that sector were discarded. In addition to this approach to form sectors, two alternative methods motivated by references 32 and 45 were studied and are reported in the Appendix. These methods yielded approximately the same sectors.
Definition of statistical significance. The statistical significance of the results in this work is quantified using a P value, which is the probability of observing a result as extreme as or more extreme than the one being studied, assuming a null hypothesis were true. For example, assume that there are y sites that are biologically or clinically important (e.g., sites on a binding interface). Suppose we wished to estimate the statistical significance of a result derived from our RMT analysis, where a sector of n sites also includes x sites that are a subset of the y sites. Here, the null hypothesis would be that the n sites of this sector arose from a random selection from the N sites of the protein. Assuming that the null hypothesis is true, the P value is the probability that the sector would include at least x of the y important sites and is calculated as follows:
Thus, low P values would indicate that the null hypothesis is untenable and that it is unlikely that our result could arise from chance. Following conventional practice, we rejected the null hypothesis and considered the result statistically significant when P Ͻ 0.05.
RESULTS
Sequence analysis reveals three sectors of collectively evolving sites in NS3. NS3 is a 631-residue protein, large portions of which are well conserved in circulating sequences. We obtained 2,814 sequences of NS3 HCV genotype 1a (H77 reference sequence positions 1027 to 1657) (throughout the paper, all the residues are numbered according to the H77 reference sequence; the position of a residue within the NS3 protein [x NS3 ] can be easily obtained from the H77 reference sequence position [x H77 ] as follows:
) from the HCV Los Alamos database (the accession numbers of these sequences are listed in Dataset S1 in the supplemental material). Preprocessing steps indicated that all sites in NS3 had fewer than 7% blanks, suggesting that sequencing ambiguities were not highly prevalent. The consensus sequence of the resulting MSA differed from the H77 reference sequence at six sites (1046, 1117, 1179, 1274, 1358, and 1436). It is important to mention that no substitutions were observed in 156/631 (ϳ24%) sites in NS3; i.e., they were 100% conserved. Columns and rows of the correlation matrix corresponding to such sites were undefined, and therefore we excluded them from our initial sectoring analysis. The correlation matrix C was constructed using the frequencies of single substitutions at sites and the frequency of double substitutions at pairs of sites from the sequence information at the remaining N* ϭ 475 sites, according to equation 2. Figure 1a shows the validity of the binary approximation of MSA. It can be seen that for a majority of the NS3 sites, the Shannon entropy computed in the binary representation of the MSA agrees well with that computed in the full amino acid representation.
The distribution of eigenvalues (spectrum) of C is shown in Fig. 1b (upper panel) . The average eigenvalue distribution of correlation matrices computed from 1,000 randomized alignments is shown in Fig. 1b (lower panel). It is evident that the eigenvalue distribution of the actual alignment is quite similar to the randomized one except for a few large eigenvalues. The presence of eigenvalues k Ͻ max rnd in the randomized matrix spectra suggests that these arise from statistical noise, and they were thus discarded (18, 32) . The eigenvector corresponding to the maximum eigenvalue was coherent (consisted of a large fraction of elements with the same sign) and thus was deemed to be associated with the phylogenetic couplings (18, 31, 32) . Excluding the phylogenetic (maximum) eigenvalue and its effect on the data using a simple linear regression approach (18, 31, 32) , there remained ␣ ϭ 9 eigenvalues greater than max rnd , presumably representing intrinsic correlations.
Once the correlation matrix was "cleaned" of phylogeny and noise, the sectors were formed based on the ␣ ϭ 9 eigenvectors according to equation 6. The sectors were then trimmed using the threshold values ␦ ϩ ϭ 0.08 and ␦ Ϫ ϭ Ϫ0.024, as described in equation 7. The q-value, i.e., the probability of false discoveries in a set of patterns deemed significant by a statistical test (46) , associated with the P value of 0.01 (used to obtain the thresholds in equation 7) was found to be 2.066 ϫ 10 Ϫ6 . Using the thresholds in equation 7, we found a total of 4,076 significant correlations (including both positive and negative correlations). Thus, this qvalue indicates that of the 4,076 significant correlations, the false discoveries are expected to be even less than one pair (q ϭ 0.0084). Three distinct sectors comprising coevolving sites were determined in the NS3 protein. Sectors were defined as in equation 6 with k ϭ 1, 2, and 3. Figure 1c shows a three-dimensional (3-D) scatter plot of the loadings of the eigenvectors in which the three sectors are clearly visible. A heat map of the cleaned correlation matrix is also presented in Fig. 1d . The numbers of sites in sectors 1, 2, and 3 were 135, 57, and 83, respectively. The list of sites in each sector is given in Table S1 in the supplemental material.
Statistical analysis of the NS3 sectors indicates sector 1 to be multidimensionally conserved. Figure 2 presents the statistics of conservation and correlation within the three sectors of NS3. Figure 2a shows that the mean conservation (1 Ϫ f i ) in all the sectors was high (Ͼ96%). Analyzing the correlations in the sectors revealed around 10% pairs of sites with negative correlations in sector 1 (according to the definition in equation 7), while these percentages for sector 2 and sector 3 were around 5% and 3%, respectively (Fig. 2b) . Furthermore, sector 1 had a much higher ratio of negative to positive correlations than sectors 2 and 3 ( Fig.  2c and d ), suggesting that a greater proportion of combinations of substitutions in sector 1 were likely to be deleterious and that fewer were likely to be compensatory in nature. This is in contrast with the characteristics of sectors 2 and 3. Taken together, these results suggest that sector 1 consists of multidimensionally conserved sites, predicting that a putative vaccine which focuses the immune response on this region of the proteome might restrict potential escape routes for the virus and force the emergence of escape mutations that are likely to be deleterious for viral fitness. The statistics of correlations in different sectors remained robust with respect to variations in the thresholds in equation 7 as shown in Fig. 3 .
A large proportion of the sites in the protease-helicase and the helicase-helicase interfaces of NS3 are part of sector 1. NS3 is a bifunctional enzyme with serine protease and helicase activities (2) . Recently, it was found that 10 sites located at the interface between the protease and the helicase domains were critical for protease activity via an allosteric mechanism (47) . Three sites (30%) of this protease-helicase interface of NS3 were present in sector 1 (Fig. 4a) . Moreover, the protein interface region formed between the two NS3 helicase molecules was reported to be important for the helicase activity and viral replication (48) . A large number of sites (17 of 44 [ϳ39%] sites in chain A and 4 of 17 [ϳ24%] sites in chain B) in the NS3 dimer interface were part of sector 1 (Fig. 4b) . Two sector 1 sites (1552 of chain A and 1616 of chain B) in the interface were especially interesting as they appeared to be interacting with each other (distance Ͻ 7.5 Å) in the multiprotein X-ray crystal structure. Although the presence of three sector 1 sites in the protease-helicase interface was not statistically significant (due to the large size of sector 1), those present in the helicase-helicase interface were found to be statistically significant (P Ͻ 0.05).
As mentioned before, the downloaded NS3 MSA had a good proportion (24.7%) of 100% conserved sites (i.e., sites with f i ϭ 0). The sectors, which were defined based on the nonzero mutational correlations, did not feature these sites. But their complete conservation in the MSA suggests that substitutions in these sites would most likely be deleterious to viral fitness. Based on analysis of the 3-D structure of the NS3 protein (PDB code 4B6E), we therefore supplemented the sectors with neighboring sites, if the latter were completely conserved. Two sites were considered neighbors if the distance between their C-␣ locations was less than 7.5 Å (49, 50) . The number of sites in the three sectors increased to 265, 116, and 149, respectively. The helicase-helicase interface consisted of 15 (ϳ24%) such sites. The number of sector 1 sites in the interface increased after this modification (28 of 44 [ϳ64%] sites in chain A and 6 of 17 [ϳ35%] sites in chain B), and the results became highly significant (P Ͻ 0.01). Preponderance of sector 1 sites in the NS3 epitopes targeted by HCV controllers. Clinical studies of HCV-infected cohorts have shown that possession of specific HLA alleles is highly correlated with the ability to spontaneously clear HCV by immunemediated mechanisms (24, (51) (52) (53) (54) (55) . In this work, we studied two classes of protective epitopes to validate our findings. One set of epitopes was allele restricted, as some specific HLA class I and class II alleles have been linked to spontaneous clearance of HCV (24, (51) (52) (53) (54) (55) . We refer to these epitopes as "allele-restricted protective epitopes." The other set consisted only of protective CD4 ϩ T-cell epitopes that are presented by promiscuous HLA-DR alleles (20) . We considered these epitopes separately as they were found to be immunogenic in HCV controllers with multiple HLA-DR alleles (20) . We refer to them as "allele-independent protective epitopes." Interestingly, it has been found recently that the elite controllers of HIV are also able to keep HCV under control (56, 57) . Specifically, the HLA-B27 and HLA-B57 alleles, which are highly enriched in HIV controllers, were associated with spontaneous clearance of HCV as well.
For the allele-restricted protective epitopes, we studied the CD4 ϩ and CD8 ϩ T-cell epitopes recognized by the six specific HLA alleles (HLA-A11, HLA-B27, HLA-B57, HLA-DR1, HLA-DR4, and HLA-DR11) that were found to have a strong association with spontaneous elimination of HCV in several independent studies (24, (51) (52) (53) (54) (55) . The list of NS3-specific epitopes used in this analysis is given in Table S2 in the supplemental material and was compiled using the data from the Immune Epitope Database and Analysis Resource (http://www.iedb.org/) (58) . Figure 5a shows (in blue) the percentages of sites of these specific allele-restricted epitopes present in the three sectors of NS3. It can be seen that 27% of the sites present in these epitopes were in sector 1 and 9% in sector 3. In these allele-restricted T-cell epitopes, ϳ25% of the sites corresponded to 100% conserved sites in the MSA. Figure 5a shows (in brown) the percentage of sites of these epitopes present in the modified sectors (obtained by incorporating the neighboring 100% conserved sites). It is interesting that after this modification, the percentage of sites of these epitopes in sector 1 increased to 54% whereas that of sector 3 increased only to 25%. The results were highly statistically significant (P Ͻ 0.01) for sector 1, while those for the other two sectors were found to be nonsignificant. This enhanced targeting of sector 1 within HCV controllers indicates that the spontaneous viral clearance is linked with the targeting of both the 100% conserved and the multidimensionally conserved sites of sector 1.
The set of allele-independent protective NS3-specific epitopes was obtained from reference 20 and is listed in Table S3 in the supplemental material. Figure 5b shows (in blue) the fraction of sites in these epitopes that fall within the three NS3 sectors. A total of 27% of these epitopes are present in sector 1, while 5% are present in sector 3. Figure 5b shows (in brown) that this percentage for sector 1 increased to 53% when 100% conserved sites were incorporated (P Ͻ 0.05). This further demonstrates the importance of sector 1 for T-cell-mediated immune control.
The therapeutic IC41 vaccine, proposed in reference 23, consists of two NS3-specific epitopes (listed in Table S4 in the supplemental material). Although these two epitopes were selected based on their high conservation across HCV genotypes (23), they consisted of only 22.2% and 57.1%, respectively, of the 100% conserved sites. A total of 26% of the sites in these epitopes fell in sector 1, while sectors 2 and 3 did not have any sites in common with these IC41 epitopes (Fig. 5c ). This proportion of sector 1 sites increased to ϳ70% (P Ͻ 0.01) after incorporating the 100% conserved sites, while the percentages of sectors 2 and 3 remained modest. This indicates that a significantly large proportion of the sites in the NS3-specific epitopes of the IC41 vaccine are part of sector 1. Figure 5d shows the percentage of sites of each NS3 epitope in the modified sector 1 of NS3 (including the 100% conserved sites). This statistic is shown only for sector 1 as it was considered to be important for HCV vaccine design in this work. It can be seen that, except for two allele-restricted epitopes (that included two CD4 ϩ epitopes [no. 1 and no. 9] listed in Table S3 in the supplemental material), sector 1 contained at least 35% of the sites of each epitope.
Immunogen design. Our results suggest that the multidimensionally conserved sector 1 of NS3 might be a promising target for a potential HCV vaccine. To design a vaccine that primes the (1616 H77 ) of chain B, which were part of sector 1, were of particular importance because they seemed to be interacting with each other, as the distance between these two sites was 5.5 Å (inset A) and the surfaces of these two sites appeared to be attached to each other (inset B).
immune response to this sector, it is important that the immunogen contains T-cell epitopes that are processed and presented by the HLA class I and class II molecules prevalent in the target population receiving the vaccine. Since our analysis has focused on HCV genotype 1a, which predominates in North America, we propose an immunogen for subjects with a European American ancestry as a case study. The frequency of HLA haplotypes in this target population has been described in reference 59. As clinical studies have shown that HCV controllers use both the CD4 ϩ and CD8 ϩ T cells to combat infection (13, 14) , HLA allele frequency data of the five common loci (A, C, B, DRB1, and DQB1), consisting of both HLA class I and II molecules (presented in reference 59), were utilized. We focused on the 25 most frequent haplotypes, with a cumulative frequency of ϳ34% across the population. We compiled a list of epitopes (see Table S5 in the supplemental material) presented by the individual alleles within these haplotypes using the data from reference 58. A worst-case approach was pursued; i.e., it was assumed that a single substitution in the epitope can eliminate epitope presentation or abrogate recognition by T cells, resulting in immune escape (15, 16) . Moreover, we included from the database only epitopes that were exclusively comprised of wild-type residues. A total of 32 distinct CD4 ϩ and CD8 ϩ epitopes within NS3 were identified for the 25 haplotypes we chose to focus on. For immunogen candidates, we evaluated combinations of 5 epitopes from the 32 epitopes. We propose two immunogen designs that optimize two different objectives. The first design focuses on maximizing the potency of the immunogen, while the second one emphasizes on minimizing the possibility of escape. The details of the two designs are as follows.
For an efficacious immune response that is likely to establish viral control, one would like to prime the immune system against a combination of epitopes that is enriched in sites where a large proportion of combinations of substitutions (necessary for escaping the immune response) is unlikely to be tolerated by the virus. We would thus like to maximize the proportion of 100% conserved and negatively correlated pairs of residues. At the same time, we would like to minimize the possibility of escape paths; this would imply that we must minimize the proportion of positively correlated and uncorrelated pairs. This design objective can be represented mathematically as follows:
where PCP represents the percentage of the residue pairs in the immunogen that are 100% conserved (PCP includes all pairs with at least one conserved site), PNCP represents the percentage of pair correlations in the immunogen that are negative, PPCP represents the percentage of pair correlations in the immunogen that are positive, and PUCP represents the percentage of uncorrelated residue pairs in the immunogen. Thus, the combination that maximizes L is the one with the highest PCP and PNCP and with the lowest PPCP and PUCP. These quantities were calculated using all the residue pairs within the combination of 5 epitopes, including interepitope pairs. The score thus reflects possible synergistic/antagonistic effects between multiple epitopes. The 10 NS3-specific epitope combinations with the largest L scores, which are also presented by the 25 major haplotypes within the European American population, are listed in Table 1 . The combinations have been ordered with respect to "double coverage" (DCov), which is the frequency of the haplotypes (of the 25 most frequent ones) that present at least 2 epitopes from the combination. The "coverage" (Cov) of each combination (the frequency of the haplotypes that present at least 1 epitope of the combination) and the corresponding L score are also listed.
Although the immunogen obtained using this design seeks to attack the virus on 100% and multidimensionally conserved sites and is anticipated to be effective in reducing the viral load, the virus can still potentially escape the immune pressure in the long run by substitution if there is even a single positively correlated or uncorrelated pair within these epitopes. The escaping viral strain would be viable and would eventually dominate the quasispecies. Thus, our second proposed immunogen design focuses on avoiding such scenarios. In this immunogen design, we selected the epitopes in such a way that the escaping viral strains have minimal fitness. We made an assumption that the fitness of the viral strains that escape by means of double substitutions in positively correlated pairs should be higher than the fitness of those that escape through double substitutions in uncorrelated or negatively correlated pairs. This is because positive correlation between sites might entail compensatory interactions that could restore the fitness cost of a single escape mutation (see Materials and Methods). Moreover, as negative correlations most likely are deleterious for virus, we assumed the fitness of viral strains that escape through double substitutions on uncorrelated pairs to be higher than the fitness of the ones that escape using negatively correlated pairs. A general iterative procedure to obtain an immunogen that focuses specifically on minimizing the possibility of escape is presented in Fig. 6 . A brief summary of the procedure is as follows.
We start by considering the set of all possible combinations of 5 epitopes and obtain the best single combination of epitopes with minimal escaping fitness (or maximizing the fitness cost needed to escape) as an output. The selection is done stepwise according to the fitness ranking discussed above. In the case of the best combination having nonzero PPCP or PUCP within the epitopes, the PPCP as well as PUCP of the sites in these pairs with all the remaining sites in the protein is minimized. This minimizes the possibility of escape paths involving substitutions outside the epitopes considered. The best combination after every iteration is selected, and the whole process is repeated for the remaining combinations until a desired number of combinations is achieved. In our case, there were approximately 1,000 combinations of 5 epitopes (0.5% of the total combinations) that had zero PPCP within the epitopes. Of these, there were 21 combinations (0.01% of the total combinations) that had zero PPCP with all the remaining sites in the protein. As the PUCP of these combinations with all the sites in the protein was nonzero, we selected the top 10 combinations with minimum PUCP with all the sites in the protein. The path followed by these selected combinations is shown by a dotted line in Fig. 6 . These combinations are presented in Table 2 ordered with respect to the double coverage (DCov). It is encouraging that there were some common epitopes in the top combinations obtained using both immunogen designs. These combinations can be combined to form a potentially potent epitope-based immunogen for HCV.
Notably, a majority of the sites (ϳ58%) in the top 10 combinations (using both designs) were part of sector 1 (P Ͻ 0.01). The immunogens were designed to maximize the negatively correlated pairs and minimize the presence of positively correlated pairs. Thus, the preponderance of sector 1 sites in the vaccine combinations further validates the utility of the RMT-based approach as a systematic way to extract groups of collectively coevolving sites that might serve as good vaccine targets.
While the 32 epitopes under consideration contained the 2 NS3 epitopes targeted by the peptide-based IC41 vaccine, neither of these appeared in the top 10 combinations using the first immunogen design (Table 1) , while one CD4 ϩ epitope (amino acids 1248 to 1261) appeared in the top 10 combinations obtained using the second immunogen design (Table 2 ). This was not surprising as the selection criterion of the epitopes in IC41 was different from ours. In IC41, epitopes enriched with sites that exhibit high conservation across genotypes were selected. Focusing on high average single-site conservation assumes that the sites evolve indepen- dently and ignores correlations between substitution probabilities at different sites. Although single-site substitutions can incur a fitness cost, compensatory substitutions can often restore viral fitness (17) . In our proposed immunogen designs, we take into consideration such collective constraints between substitutions at different sites elucidated by an RMT-based analysis and propose that an efficacious vaccine must target multidimensionally conserved sites along with the individual sites with high conservation.
The highest rank of a combination consisting of both NS3 epitopes present in IC41 was 448 in the first immunogen design, whereas no combination consisting of both these epitopes was selected in the second immunogen design. The complete procedure was repeated for a 2-NS3-epitope-based immunogen (as opposed to 5 epitopes) to investigate the possibility that the two IC41 epitopes might arise as the best candidate. Table 3 using the first immunogen design whereas the combination was not obtained in the second immunogen design. However, the CD4 ϩ epitope (1248 to 1261) of IC41 appears in the top combinations of epitopes obtained using both immunogen designs. We also calculated the percentage of conservation across all the genotypes (PCAG) for the top combinations of both immunogen designs (all the NS3 sequences present in reference 40 were used to calculate this statistic). It is interesting that the majority of the top 10 combinations (8 of 10 in the first immunogen design and all in the second immunogen design) that were obtained from our analysis (based on NS3 genotype 1a only) also had a high percentage of conservation across all genotypes compared to that of the IC41 epitopes. This result indicates that there might be better alternatives (as many combinations were common in both the immunogen designs) for a vaccine based on the combination of two NS3 epitopes.
DISCUSSION
Despite many efforts, there is currently no functional vaccine available for HCV. Here, we have characterized the mutational statistics within the diverse publicly available sequences of the NS3 protein and identified mutational vulnerabilities of the virus that can potentially guide the rational design of immunogens against HCV. We specifically utilized ideas from RMT for robust estimation of the sample correlation matrix of substitutions, decoupling intrinsic correlations from phylogeny and statistical noise, which enabled us to identify independent groups of coevolving sites in NS3.
Many notable efforts in the past have studied coevolving residues in HCV (34) (35) (36) (37) (38) (39) . Similar to our results, those papers noted the presence of coevolving residues that are far from each other in the linear sequence, suggesting that these might be a consequence of epistatic interactions mediated by the 3-D protein structure. Although different in application (therapy outcome prediction as opposed to vaccine design in our case), reference 34 is closely related to our work. The authors of reference 34 analyzed genome-wide amino acid covariances within pretherapy HCV sequences of 94 patients (47 of genotype 1a and 47 of genotype 1b), a considerably smaller data set than ours. Those authors identified common covarying interand intraprotein residues that were predictive of the outcome of the standard therapy. An important feature of our RMTbased method which was not considered in reference 34 was the removal of statistical noise. Our analysis shows that even for an approximately 60ϫ-larger data set of a single protein, the data correlation matrix consisted of considerable statistical noise. In fact, when sectors were formed without this cleaning procedure, all the significance tests reported in our work resulted in loss of significance (P Ͼ 0.05) for each sector. Moreover, the phylogenetic effect on the correlations was not considered in reference 34, despite this having been noted as an important factor in HCV evolution (60, 61) and similarly in HIV evolution (18, 61) . Of the reported 26 covarying pairs, however, correlations were significant for only 13 pairs according to our analysis (using RMT cleaning). We believe that these differences are likely due to the large differences in the numbers of sequences employed in the two studies and the consequent significant effects of statistical noise and phylogeny which were unaccounted for in reference 34.
Throughout our analysis, we assumed that the correlations observed in the sequences, after "cleaning out" noise and phylogeny, faithfully reflected intrinsic fitness. However, it is known that HCV evolution is impacted by immune selection, and this is evidenced by a large number of HLA-specific substitutions reported in the literature (62) (63) (64) (65) . To test whether our results are strongly biased due to immune selection (and therefore not accurately reflective of intrinsic fitness), we tried to compare the substitutions reported in these papers with our analysis. A disagreement can then support our assumption of the correlations representing intrinsic fitness. Unfortunately, most of the HLA-specific substitutions in NS3 epitopes mentioned in references 62, 63, 64, and 65 are single substitutions. However, a negatively correlated pair (sites 1397 and 1398) in HLA-B*0801-positive patients was reported in reference 63. This "immune-induced" correlation was in fact found to be nonsignificant in our analysis. We believe that there would certainly be some effect of HLA footprints in the sequences but that it would not likely be dominant as argued in references 18 and 66. Specifically, in reference 18, in a For the first design, the combinations were ranked according to the L scores (equation 8). The statistic PCAG of the combinations is also presented and was calculated based on available sequences of all genotypes in the Los Alamos database (40) . The rank of NS3 epitopes in the peptide-based IC41 vaccine is also mentioned at the bottom of the table in italics. The HLA class II epitopes are underlined to differentiate them from the HLA class I epitopes.
which a similar analysis was performed on the Gag protein of HIV, it was found that the mutations due to HLA footprints were weakly coupled. This is in line with what we found for the HLA-associated negatively correlated pair mentioned in reference 63. Intuitively, one would expect the effect on correlations due to immune selection to average out, because the sequences in the database are taken from a wide range of patients in different geographical areas.
To further complement our results, it would be interesting to perform a detailed study of the probability distributions of the sequences, similar to that reported in reference 29, that could potentially reveal further insights into the fitness of a HCV protein sequence with particular substitutions. The current work, however, serves as an initial base of statistical study of HCV sequences from which a potent vaccine against HCV might be devised. Moreover, this study can be easily extended for designing immunogens targeting other HCV proteins (such as NS4B and NS5B, which are known to be important antiviral targets [67] , as well as the highly variable envelope glycoproteins E1 and E2). With the rapid advancement in sequencing techniques, this approach can also be performed for studying interprotein correlations in the future as more sequences become available.
In summary, we pursued an approach similar to that used in reference 18 (which dealt with HIV) to obtain sectors of coevolving sites in the NS3 protein of HCV. This analysis revealed three such sectors in NS3, with sector 1 consisting of a comparatively large number of sites that are negatively correlated and with a high ratio of negative to positive correlations as well. The sites present in sector 1 had structural significance as they were present at critical interfaces between the helicase monomers forming a dimer and between the helicase and the protease domains. A greater proportion of negative correlations within these sites indicated that, due to structural and functional constraints, multiple substitutions in these regions are likely to be deleterious to viral fitness. These predictions can be tested through in vitro replicative capacity assays.
The study of the epitopes recognized by specific HLA alleles that are associated with spontaneous viral clearance (HLA-A3, HLA-B27, HLA-B57, HLA-DRB1*0101, HLA-DRB1*0401, and HLA-DR11) demonstrated that those sites were preponderantly in sector 1. The higher percentage of sites in known allele-independent protective CD4 ϩ epitopes also favored sector 1. Thus, based on the structural and experimental data available in the literature, it appears that the sites (particularly the negatively correlated ones) in sector 1 of NS3 can be a potential target for a potent HCV vaccine.
We also proposed two population-oriented epitope-based vaccine designs comprising 5 NS3 epitopes that optimize two different objectives. One focused on maximizing efficacy, while the other stressed minimizing the possibility of escape. We studied the combination of two NS3 epitopes present in IC41 based on our statistical analysis framework and observed that, while IC41 has desirable features, there may be better alternatives that take into account collective constraints in viral evolution. Thus, this work serves as a guideline for experimental biologists and immunologists to test the epitopes (suggested in this paper) for an efficacious HCV vaccine.
APPENDIX
Validity of binary approximation. Since the binary approximation of the MSA reduces the description of residue identity from the 20-letter alphabet of amino acids to a 2-letter binary code, this results in a loss of information. It is, however, a reasonable approximation when residues are well conserved (18, 32) . This was ascertained by comparing the Shannon entropy per residue within the binary approximation with that for the case when all the 20 amino acids along with the blank are considered. Because the Shannon entropy is a good statistical measure of diversity (68) , equal values in the binary and the full amino acid representations would support the validity of the former. For the binary MSA, the entropy at position i (i ϭ 1, 2, . . ., N) can be written as follows:
For the original (amino acid) MSA, the entropy can be calculated by using the frequencies of all the 20 amino acids at each residue along with the frequency of the blank as follows:
where f i a is the frequency of amino acid a at position i. Steps involved in cleaning the sample correlation matrix. (i) Step 1. Removing the effect of phylogeny. As all HCV sequences have recently evolved from a common ancestor (69), phylogenetic correlations make a large contribution to the correlation matrix, just as in the case of HIV (18) . The consequence of this effect is that the maximum eigenvalue max is associated with an eigenvector whose components carry the same sign (18, 32) . This concept of phylogeny is analogous to the "market mode" in finance as discussed in references 30 and 31. As we are not interested in this historical correlation, it needed to be removed. This was accomplished using a simple linear regression approach (18, 30, 31) that removed the maximum eigenvalue and its effect on the remaining data.
(ii) Step 2. Removing noise using RMT. As the number of patients' sequences is limited in HCV, classical statistical methods, which apply when the number of observations (sequences) is very large (i.e., M ¡ ϱ) compared to the number of variables (sites), cannot be used to clean the noise. On the other hand, RMT is deployed for obtaining statistics in the double-limit regime in which both the number of observations and the number of variables are large (i.e., M ¡ ϱ and N ¡ ϱ) and comparable, which is more related to our HCV data set. Specifically, in this double-limit regime, the Marĉenko-Pastur (MP) law (70) states that the sample eigenvalue distribution of a random matrix consisting of independent and identically distributed (i.i.d.) elements converges to a deterministic limiting distribution (with probability ϭ 1), while references 71 and 72 show that the maximum and minimum eigenvalues of such a random matrix converge to the respective edges of the limiting distribution. Thus, these RMT results can be used to distinguish between correlations due to statistical noise (which is assumed i.i.d.) and the interesting correlations among sites. As opposed to using the MP law directly, to account for finite size effects, we determined the bounds on the eigenvalues numerically by randomly shuffling the entries along each column (site) of the MSA and estimating the eigenvalues of the resulting ensemble of "random matrices." The maximum eigenvalue of the randomized alignment max rnd was considered an upper bound for statistical noise, and all the eigenvalues less than or equal to it were discarded (18, 32) . There are alternative RMTbased approaches present in the literature (see, for example, references 43 and 44) for cleaning the statistical noise. These approaches are discussed below. It was found that the qualitative results remained the same regardless of the approach used to clean the statistical noise.
Alternative approaches to clean the statistical noise yield qualitatively similar results. It is important to obtain a good estimate of the true correlation matrix from the sample correlation matrix, as the formation of sectors and the calculation of percentage of positive and negative correlations depend on it. It is well known that the traditional sample correlation matrix gives noisy estimates for scenarios in which the number of variables and the number of observations are of similar orders (18, (30) (31) (32) . Thus, this noise must be cleaned to get insightful results. Obtaining a true correlation matrix from the sample correlation matrix based on appropriate thresholding is currently an active area of research (73) .
In our work, an RMT-based "eigenvalue clipping" method similar to the methods described in references 18, 30, 31, and 32 was used to clean the statistical noise from the sample correlation matrix. As described in Materials and Methods, all eigenvalues less than the maximum eigenvalue of the randomized alignment ͑ max rnd ͒ were discarded. Panels a to c in results of our analysis are robust with respect to the change in the number of eigenvalues (␣) selected for the construction of the cleaned correlation matrix. In the literature, there are other RMTbased methods present as well that remove statistical noise. For example, a slightly modified method was proposed in reference 43, in which, instead of discarding all eigenvalues less than max rnd , these were replaced with a constant value such that Tr(C) ϭ N* (i.e., the number of mutating sites in the MSA), where Tr(.) denotes the trace operation which is the sum of the eigenvalues of C. In reference 44, it was shown that by assuming a so-called "spike" model for the eigenvalue distribution of the true covariance matrix, its large eigenvalues (l j ) can be estimated from the large eigenvalues ( j Ͼ max rnd ) of the sample covariance matrix as follows (proposition 3.4 [44] ):
where ␥ ϭ N/M. To examine the consequences of this method, we applied the above correction to eigenvalues greater than max rnd whereas the remaining eigenvalues were replaced by a constant as described in reference 43. After testing the above methods for cleaning the noise from the sample correlation matrix of NS3, the qualitative results (as shown in Fig. A1d to i) remained the same. The statistical trends also remained consistent; i.e., the percentage of negative correlations and the ratio of negative to positive correlations of sector 1 within NS3 were always greater than those of the remaining sectors. Alternative approaches to define the sectors are mutually consistent. As described in Results, the sectors were formed based on the eigenvectors of the correlation matrix (according to equation 6). For statistical independence of the sectors, the higherorder couplings should also be studied. One can use independent component analysis (ICA), a heuristic way to find statistically independent components, as described in references 32 and 45. Though there are several variants of ICA, a basic version (74) was implemented with whitening (i.e., it was fed the important [nine] eigenvectors only, which were found based on comparing the eigenvalue distribution of the actual alignment with that of randomized alignments). The 3-D scatter plot of the loadings of the independent components was used to group sites into three sectors as shown in Fig. A2a . The heat map of the cleaned correlation matrix is also shown in Fig. A2b . Note that sector 1 formed using this method shared 94% similarity with sector 1 obtained in Results. The percentages of overlapping sites for sector 2 and sector 3 of both methods were 78.5% and 97%, respectively. The statistical analysis of the sectors shown in Fig. A3 is consistent with Fig. 2 , with the only exception being the increase of negatively correlated sites in sector 2. The ratio of negative to positive correlations of sector 1 remained the largest. It can be argued that the eigenvalues might be noisier near the threshold obtained from the randomized alignment; panels e to g of Fig. A3 show that the percentage of negative correlations of sector 2 increases when eigenvalues greater than 7 are used to construct the cleaned correlation matrix. The percentages of sites of the epitopes targeted by the HCV controllers and of those in the therapeutic IC41 vaccine falling within each of the NS3 sectors defined by ICA are presented in Fig. A4a to c. It can be seen that these results were fairly consistent with Fig. 5a to c.
For defining the sectors in Results, a threshold ε was selected after studying the loadings of each one of the top ␣ eigenvectors. As an alternative, a distribution fitting method presented in reference 45 was used to automatically form sectors. In this method, the threshold ε was calculated by fitting the distribution of the loadings of each one of the top ␣-independent components to a particular distribution. The distribution of the independent components was found to be heavy tailed as shown in Fig. A5a (in  blue) . Thus, a t-location-scale distribution was selected as a reference distribution because it is useful for modeling distributions with heavy tails. The independent components were obtained from the top nine eigenvectors using ICA as discussed above. The fitted t-location-scale distribution for independent components 1, 3, and 4 is plotted in Fig. A5a (in red) . The threshold ε is obtained by setting a cutoff on the tail probability of the fitted distribution such that P(u k ' Ͼ ε) Յ . A cutoff of ϭ 0.15 was used in all cases. In this case, sector 1 was formed using independent component (IC) 1, sector 2 using IC 3, and sector 3 using IC 4. Note that no sector was formed from the remaining six independent components. The 3-D scatter plot of the loadings of the independent components in Fig. A5b demonstrates the sites in the three sectors. The heat map of the cleaned correlation matrix is also shown in Fig. A5c . Note that sector 1 formed using this method was 95% similar to sector 1 obtained in Results. The percentages of overlapping sites in sector 2 and sector 3 obtained using this method were 67% and 74% compared with those in sector 3 and sector 2 as mentioned in Results, respectively. The statistical analysis of the sectors shown in Fig. A6 is consistent with Fig. 2 . As mentioned above, sector 3 derived from this method corresponded largely to sector 2 in Fig. 2 . The percentage of negative correlations of sector 1 was again larger than that of the other sectors. Panels e to g of Fig. A6 demonstrate that this trend was independent of the number of large eigenvalues used to construct the cleaned correlation matrix. The fraction of the sites of the epitopes (targeted by the HCV controllers and selected in IC41) present in each sector (when independent components along with distribution fitting were used to form them) is shown in Fig. A7a to c. It can be seen that these results were fairly consistent with Fig. 5a to c.
